When a test sound consisting of pure tones with equal intensities is preceded by a precursor sound identical to the test sound except for a reduction in the intensity of one tone, an auditory "enhancement" phenomenon occurs: In the test sound, the tone which was previously softer stands out perceptually. Here, enhancement was investigated using inharmonic sounds made up of five pure tones well resolved in the auditory periphery. It was found that enhancement can be elicited not only by increases in intensity but also by shifts in frequency. In both cases, when the precursor and test sounds are separated by a 500-ms delay, inserting a burst of pink noise during the delay has little effect on enhancement. Presenting the precursor and test sounds to opposite ears rather than to the same ear significantly reduces the enhancement resulting from increases in intensity, but not the enhancement resulting from shifts in frequency. This difference suggests that the mechanisms of enhancement are not identical for the two types of change. For frequency shifts, enhancement may be partly based on the existence of automatic "frequency-shift detectors" [Demany and Ramos, J. Acoust. Soc. Am. 117, 833-841 (2005)].
I. INTRODUCTION
The auditory system is endowed with remarkable capacities for change detection, as shown by numerous psychophysical and physiological studies. It is well known, for instance, that the perceptual detection threshold of a brief tone burst added to a longer, wideband noise burst is better when the tone occurs some time after the noise onset (so that the tone occurrence constitutes a change) than when the tone onset coincides with the noise onset. The mechanisms of this so-called "overshoot" effect are still not completely understood, but plausible factors have been identified (see, e.g., Strickland, 2004 and Scharf et al., 2008) . The present paper is concerned with a related but somewhat different form of change detection. Consider a sound sequence in which a sum of pure tones or a noise burst is followed by a repetition of the same sound with a spectrally local intensity increment. The listener will tend to perceive the second sound as a sum of two sounds: on one hand a repetition of the first sound and on the other hand a separate tone in the frequency region where the intensity increment took place. The separate-tone percept may be elicited even if the second sound (called hereafter the "test sound") has in fact a flat spectral profile, while the first sound (the "precursor") has a spectral notch. An important difference between this "enhancement" effect and the previously described overshoot effect is that, in the enhancement effect, the detection of a change is not reducible to the detection of a transient since all the spectral components of the test sound are gated on synchronously (see in this respect Macmillan, 1971 Macmillan, , 1973 Bacon and Moore, 1987; Hafter et al., 1998; Gallun, 2003, Chap. 3).
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One potential explanation of enhancement is neural adaptation (Viemeister, 1980; Summerfield et al., 1987; Palmer et al., 1995; Serman et al., 2008) . The rationale is straightforward. Consider the case of a test sound consisting of pure tones with equal intensities and preceded by a precursor with the same power spectrum, except for a reduction in the intensity of one tone (the target of the enhancement). In some tonotopically organized array of neurons, the response to the test sound may show a local peak corresponding to the frequency of the target tone because neural adaptation is expected to be weaker in the neurons responding to the target tone than in the other neurons. The local peak in excitation is then liable to give rise to the perception of a separate tone. A variant of the adaptation hypothesis is the "adaptation of suppression" hypothesis proposed by Viemeister and Bacon (1982) . According to these authors, the origin of enhancement is not so much a weakening, by the precursor sound, of the nontarget components of the test sound, but rather a weakening, by the precursor sound, of the nontarget components' ability to suppress (or inhibit) the target tone. In support of this hypothesis, the psychophysical studies of Viemeister and Bacon (1982) and Byrne et al. (2011) showed that enhancement could manifest itself as an increased ability of the test sound to mask a subsequent and brief tone burst at the target tone frequency. Physiological data supporting the same hypothesis were recently reported by Nelson and Young (2010) .
It has been found in several studies that enhancement does not occur when the precursor and test sounds are presented to opposite ears (Viemeister, 1980; Summerfield et al., 1984 Summerfield et al., , 1987 Summerfield and Assmann, 1989; Carlyon, 1989; Serman et al., 2008) . This might suggest that the main physiological source of enhancement is peripheral neural adaptation. However, as pointed out by Kidd and Wright (1994) , an alternative interpretation is that the neural adaptation underlying enhancement takes place centrally and is not only frequency-selective but also selective to sound localization by the binaural system. This interpretation seems a priori reasonable since stimulus-specific neural adaptation can occur beyond the convergence of the two monaural pathways (see, e.g., Ulanovsky et al., 2003) . In line with the idea that enhancement originates, at least in part, from central adaptation, Serman et al. (2008) found that enhancement is stronger when the precursor and test sounds are lateralized by means of the same interaural time difference (ITD) than when they have opposite ITDs. However, this might stem from factors other than central adaptation. In subsequent experiments, Serman et al. wondered whether a tone presented among other tones can be made to pop out (and thus can be enhanced) due solely to a change in the ITD of this tone, without any increase in intensity. They reasoned that this form of enhancement would certainly have a central origin, and would provide good psychophysical evidence for central adaptation. But they failed to obtain strong effects of that type.
Except for the study by Serman et al., and another study concerning the possibility to produce enhancement on the sole basis of an ITD change (Kubovy and Howard, 1976) , it seems that all the past investigations of enhancement have explored, more specifically, enhancement phenomena resulting from an increase in intensity. Yet, we noted informally that enhancement can also be produced by changes in frequency. When the precursor and test sounds are made up of pure tones sufficiently spaced in frequency to be resolved in the cochlea, and that the two sounds differ from each other only by a slight frequency shift in a single tone, this tone stands out in the test sound. Of course, this is not very surprising per se. The frequency shift is expected to increase the excitation level of some frequency-selective neurons. Thus, the enhancement resulting from frequency shifts (we shall subsequently call it "frequency enhancement") may have exactly the same sources as the enhancement resulting from increases in intensity (hereafter called "intensity enhancement"). However, this might also not be the case. Recent psychophysical experiments, which will be reviewed later in this paper, suggest that the auditory system contains automatic "frequency-shift detectors (FSDs)". It might be that these detectors are instrumental in frequency enhancement, while intensity enhancement is based on different mechanisms. This is the hypothesis tested in the three experiments reported here.
In all three experiments, we used precursor and test sounds consisting of inharmonic chords of pure tones resolved in the auditory periphery. In experiments 1 and 2, the precursor and test chords presented on a given trial were separated either by silence only or by a burst of pink noise, and we assessed the effect of the noise on intensity enhancement and on frequency enhancement. We reasoned that if intensity enhancement were mainly based on neural adaptation, the noise could be deleterious to this form of enhancement since it should produce nonselective adaptation of frequency-selective neurons. On the other hand, under the assumption that frequency enhancement is mainly an accomplishment of the FSDs, previous results which will be described below (Demany and Ramos, 2007; Demany et al., 2011) led to the prediction that the noise would have little effect on this form of enhancement. In experiment 3, the precursor and test chords used on a given trial were presented either to the same ear or to opposite ears. The literature suggested that, in the latter case, intensity enhancement would not be observed. On the other hand, under the assumption that the FSDs are instrumental in frequency enhancement, it could be expected that frequency enhancement would be barely reduced when the precursor and test chords are presented to opposite ears rather than to the same ear (Demany and Ramos, 2007; Carcagno et al., 2011) .
II. EXPERIMENT I
A. Method
Overview
The aim of experiment 1 was to determine if frequency enhancement and intensity enhancement are equally affected by the insertion of a burst of pink noise between the precursor and test sounds. To this end, enhancement was measured in six conditions. In three conditions ("Baseline-No noise," "Intens-No noise," and "Freq-No noise"), the precursor and test sounds were separated by a silent inter-stimulus interval (ISI). The three remaining conditions ("Baseline-Noise," "Intens-Noise," and "Freq-Noise") were identical except that here a noise burst was inserted during the ISI. The test sounds used in all conditions were similar; they consisted of inharmonic chords of pure tones with a flat spectral profile (further details are provided in the next section, II A 2). In the two Baseline conditions, the precursor and test chords used on a given trial were always identical, so that no enhancement could occur. In the Intens conditions, the precursor chord preceding a given test chord differed from it by a reduction in the intensity of one tone. The Freq conditions differed from the Intens conditions only in that the shift in intensity was replaced by a shift in frequency. In the Freq conditions, therefore, both the precursor and test chords consisted of equal-intensity tones.
Enhancement was assessed by means of a "present/ absent" task (Demany and Ramos, 2005) : On each trial, the sequence of chords was followed by a probe tone (see Sec. II A 2) and the subject had to indicate if this tone was present in the test chord or absent from it. One could reasonably assume that performance in this task would be a monotonic function of the magnitude of enhancement.
Since our aim was to compare the effects of noise on intensity enhancement and frequency enhancement, the experiment proper was preceded by parameter adjustments intended to obtain a similar performance level (corresponding approximately to d 0 ¼ 2.5) in the Intens-No noise and Freq-No noise conditions. We describe in Secs. II A 4 and II A 5 the two corresponding preliminary steps.
Stimuli
Each test chord consisted of five synchronously gated pure tones with the same nominal sound pressure level (65 dB). The frequencies of these five tones were renewed randomly from trial to trial. On each trial, the frequency content of the test chord was determined as follows. First, the four frequency intervals separating the five tones forming the chord were chosen randomly, independently of each other, in a logarithmically scaled range of frequency intervals extending from 6 to 10 semitones. Then, the chord as a whole was randomly positioned within a logarithmically scaled frequency range extending from 200 to 3200 Hz.
In the Freq conditions as well as the Intens conditions, the precursor chord preceding a given test chord differed from it with respect to a single tone, which was the target of enhancement in the test chord. This tone could be equiprobably the second, third, or fourth component of the chord (i.e., any of the three "inner" components). In the Freq conditions, the frequency shift taking place from the precursor chord to the test chord was always an upward shift of one semitone (i.e., 1/12 octave). In the Intens conditions, the magnitude of the increase in intensity was subject-dependent (see Sec. II A 5).
On "present" trials, the probe tone following the sequence of chords was identical to the target of enhancement in the test chord for the Intens and Freq conditions, and could be any of the three inner components of the chord in the Baseline conditions. On "absent" trials, the frequency of the probe tone was the geometric mean of the frequencies of two adjacent components of the test chord; a random choice was made between the four possible options.
In the three Noise conditions, the presented noise bursts consisted of pink noise (40-20 000 Hz) at a level of 69 dB (A scale). This level was such that the noise bursts were approximately matched in loudness to the chords. In the three No noise condition, five successive stimuli were presented on each trial. These five stimuli were: (1) the precursor chord; (2) the test chord; (3) a repetition of the precursor chord; (4) a repetition of the test chord; (5) the probe tone. These five stimuli were gated on and off with 10-ms raised-cosine amplitude ramps and had the same duration, D. D was fixed across all conditions for a given subject, but it varied across subjects, as specified in the following section (II A 4). The first four stimuli were separated by ISIs of 500 ms, and there was a 0-ms ISI between the two final stimuli.
In the three Noise conditions, the sequence of stimuli that we just described was again presented, with exactly the same timing, but in addition a noise burst was also presented in the center of the 500-ms ISIs separating a precursor chord from the following test chord, or vice versa. Thus, three noise bursts were produced on each trial. They had the same duration (D) as the other stimuli, and were also gated on and off with 10-ms raised-cosine amplitude ramps.
After the presentation of the probe tone, the subject gave his or her response ("present" or "absent") by making a mouse-click on one of two virtual buttons. Visual feedback was immediately provided, by means of a green light if the response was correct and a red light otherwise.
Preliminary step 1: Determination of duration D
Enhancement is stronger when the precursor stimulus is long than when it is very short, all other things being equal (Viemeister, 1980) . Before the experiment proper, we first estimated the value that D should take in order to obtain, for condition Freq-No noise, a d 0 value of about 2.5. This was done subject by subject. The estimation obtained for a given subject was subsequently used as a constant in all conditions, for this subject. D varied across subjects between 30 and 70 ms; its mean value was 58 ms.
Preliminary step 2: Determination of the intensity shift DI
In the Freq conditions, as mentioned above, the tone which changed from the precursor chord to the test chord always increased in frequency by 1 semitone. For the Intens conditions, we wished to use a subject-dependent intensity shift (DI) adjusted in order to obtain a similar performance level (d 0 % 2.5) in conditions Intens-No noise and Freq-No noise. For each subject, the appropriate value of DI was estimated before the experiment proper, following the . Each horizontal segment represents a pure tone and the filled rectangular areas represent noise bursts. The pure tones form four successive chords. The first and third chords are the "precursor" chord and the second and fourth chords are the "test" chord. Note that in each panel the only difference between the precursor and test chords is that the second component tone of the test chord is slightly higher in frequency than the second component tone of the precursor chord. This changing tone is the target tone for the trials depicted here. In each panel, the rightmost horizontal segment represents the probe tone. The correct response is "present" for (a) and "absent" for (b). In the experiment, the duration of the tones and noise bursts varied across subjects, but this duration was always much smaller than the 500-ms time interval separating the successive chords or noise bursts. determination of D. The DI values arrived at ranged from 9 to 30 dB across subjects; their mean was 16.6 dB.
Procedure
All stimuli were presented diotically, via Sennheiser HD265 headphones, in a sound-attenuating booth (Gisol, Bordeaux). Trials were organized in blocks of 50, during which the condition was fixed. Within each block, a trial started about 700 ms after the response given on the previous trial. In a given session of the experiment proper, six blocks of trials were run: one block for each of the six conditions. These six blocks were randomly ordered. The experiment proper comprised eight sessions, so that overall each subject performed 400 trials in each condition.
Subjects
Five listeners, including authors ME and LD, were tested. Four of these listeners were students in their twenties. The fifth listener, LD, was aged 56. All listeners had normal audiometric thresholds ( 20 dB hearing level) from 125 Hz up to at least 4 kHz.
B. Results and discussion
Performance was measured in terms of the sensitivity index d 0 . Since the five subjects behaved similarly, their results are averaged in Fig. 2 . As expected due to the preliminary adjustments of D and DI, d 0 was close to 2.5 in the Freq-No noise condition and the Intens-No noise condition. As also expected, performance was much better in these two conditions than in condition Baseline-No noise, which provides evidence for both frequency enhancement and intensity enhancement. The main result is that performance was very similar with and without noise. The noise bursts failed to reduce substantially intensity enhancement or frequency enhancement. A repeated-measures analysis of variance [Subject Â Change modality (intensity, frequency, or no change) Â Noise interference (yes or no)] confirmed that Change modality had a significant main effect [F(2, 8 Based on the assumption that intensity enhancement entirely originates from neural adaptation, we had predicted that performance would be significantly poorer in the IntensNoise condition than in the Intens-No noise condition. This prediction was not fulfilled [t(4) ¼ 1.08, P ¼ 0.17, one-tailed test]. One conceivable explanation is that although the noise bursts were even more intense than the precursor (and test) chords, their intensity was still insufficient to reduce significantly the selectivity of the adaptation produced by the precursor chords. Under the adaptation hypothesis, actually, the overall intensity of the noise burst following a given precursor chord was not important in itself: What really mattered was the noise intensity at the output of the auditory filters previously activated by the precursor chord. This "effective" intensity of a noise burst was of course smaller than its overall intensity.
We performed experiment 2 in order to determine if the enhancement of one component of a test chord by a precursor chord can be cancelled by the insertion, between the two chords, of a burst of pink noise adjusted in intensity so that this noise would mask almost completely the components of the precursor if these components were presented within the noise.
III. EXPERIMENT II

A. Method
Experiment 2 was similar to experiment 1, but differed from it with respect to the following points. First, the previously run No noise conditions were now omitted; a noise burst was always inserted between a precursor chord and the following test chord. Thus, there were only three experimental conditions, labeled as "Baseline," "Intens," and "Freq". Second, there was only one presentation of the precursor and test chords on each trial (rather than two presentations, as before); but again, these two chords were separated by a 500-ms ISI and the probe tone followed immediately the test chord. Third, all stimuli now had a duration of 300 ms. Thus, the noise bursts were separated from the precursor and test chords by 100-ms ISIs. Fourth, DI was essentially infinite: On each trial run in the Intens condition, the target of enhancement was completely undetectable within the precursor chord. Finally, and most importantly, we used test chords and noise bursts that differed from those used in experiment 1 with respect to intensity (but only in this respect). Each test chord component was now presented at a nominal sound pressure level of 56 dB, and the noise bursts now had an overall level of 72 dB (A scale). These two parameters were such that if a test chord component had been presented synchronously with a noise burst, it would have been barely detectable.
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The subjects were the same as those of experiment 1, and again 400 trials per condition were performed by each Thus, as in experiment 1, the noise bursts failed to prevent frequency or intensity enhancement, even though here the noise was intense enough to mask almost completely the chord components, which suggests that the auditory filters activated by the precursor chords were not activated less strongly by the noise. Overall, the results of experiments 1 and 2 do not support the hypothesis that frequency enhancement and intensity enhancement are based on different mechanisms, but these results also seem to be at odds with the idea that enhancement entirely originates from adaptation (or adaptation of suppression).
In order to account for our results with an adaptation model, one could assume that, in some tonotopically organized neural map, the noise reduced the response to each of the test chord's components by subtracting to the "normal" (i.e., nonadapted) response (R) a constant quantity, a. Suppose that, in consequence of the precursor presentation in the Intens and Freq conditions, the response to each of the non-target components of the test chord was reduced by b while the response to the target component was reduced by c, with c < b. If the adaptation effects of the precursor and the noise were additive, the noise did not alter the selectivity of the adaptation produced by the
However, there is no special reason to model the effect of adaptation as a subtraction rather than, e.g., a division. When a, b, and c are reinterpreted as dividing factors rather than subtracted values, the noise reduces the selectivity of adaptation since R/(ca) À R/(ba) ¼ (R/cÀ R/b)/a. Note that the two models that we just presented are deterministic. It would be more realistic to assume, in line with signal detection theory (Green and Swets, 1974, Chap. 3) , that the adaptation produced by the noise varied unpredictably across frequency due to random fluctuations in the state of the auditory system. Under this assumption, the noise should have disrupted to some extent the selectivity of the adaptation produced by the precursor, even in the framework of an additive model such as the first of the two models presented above. If a is a frequency-dependent random variable rather than a fixed quantity, then, on a majority of trials, the value taken by this variable will be larger in the frequency region of the target tone than in the frequency region of some other tone, and this will weaken the enhancement of the target tone.
IV. EXPERIMENT III
A. Method
The goal of experiment 3 was to determine if frequency enhancement and intensity enhancement are equally affected when the precursor and test stimuli are presented to opposite ears rather than to the same ear. To this end, we used a method which was, mutatis mutandis, very similar to that used in experiment 1. Subjects again had to perform a present/absent task. Trials had the same temporal structure as in experiment 1, except that now the ISI separating successive chords was always silent and had a duration of 600 ms rather than 500 ms. The test chords were chosen exactly as in experiment 1, and each of their components again had a nominal sound pressure level of 65 dB. However, every chord was now presented monaurally, and combined with a synchronous burst of pink noise presented to the opposite ear at 69 dB (A). Thus, when the precursor and test chords were presented to opposite ears, the noise was presented first in one ear and second in the other ear. The noise served to minimize the possibility of interaural cross-talk, and also had another advantage that we shall point out later. In a Baseline condition, the precursor and test chords used on a given trial were identical and presented to the same ear. There were four other conditions, labeled as "Freq-Ipsi," "Freq-Contra," "Intens-Ipsi," and "Intens-Contra." In these labels, "Ipsi" means that the precursor and test chords were at the same ear while "Contra" refers to an opposite-ear presentation; "Freq" and "Intens" have the same meaning as in experiment 1.
Again, the frequency shifts were always upward shifts of 1 semitone while the magnitude of the intensity shifts, DI, varied from subject to subject. A first preliminary step in condition Freq-Ipsi served to adjust stimulus duration (D) in order to obtain a d 0 of about 2.0 in that condition. Then, in a second preliminary step, DI was adjusted in order to obtain also a d 0 of about 2.0 in condition Intens-Ipsi. The adopted values of D ranged from 40 to 70 ms across subjects; their mean was 55 ms. The adopted values of DI ranged from 8 to 18 dB and their mean was 12.8 dB.
In the experiment proper, each of the five conditions was divided in two sub-conditions: one sub-condition in which the test chord was presented to the left ear and another sub-condition in which the test chord was presented to the right ear. During an experimental session, each of the ten sub-conditions was run in one block of 50 trials; the ten blocks were randomly ordered. The experiment proper comprised four sessions, so that overall each subject performed 400 trials in each condition.
Six listeners with normal hearing were tested. Four of them (including authors ME and LD) had previously participated as subjects in experiments 1 and 2. The two new subjects were students in their twenties.
B. Results and discussion
The results are displayed in Fig. 4 . As expected, performance was similar in conditions Freq-Ipsi and IntensIpsi, and much better in these two conditions than in the Baseline condition [Baseline vs Freq-Ipsi: t (5) 3 The interaction reflects the fact that presenting the precursor and test chords to opposite ears rather to the same ear was more deleterious for intensity enhancement than for frequency enhancement. In the former case, d 0 decreased by 18.8%, on average; this effect is statistically significant [t(5) ¼ 5.63, P ¼ 0.002]. In the latter case, d 0 decreased by only 1.9%, on average, and this trend is not statistically significant [t(5) < 1].
The interaction between Ear modality and Type of change, which is the main outcome of this experiment, will be discussed in the next section. Here, let us focus on a different and unexpected aspect of the data. In condition Intens-Contra, performance was poorer than in condition Intens-Ipsi, but nonetheless markedly and significantly better than in the Baseline condition [t(5) ¼ 7.19, P < 0.001]. Thus, intensity enhancement was observed even when the precursor and test chords were presented to opposite ears. This is a surprising finding since the literature consistently suggests that intensity enhancement is impossible under such circumstances (Viemeister, 1980; Summerfield and Assmann, 1989; Summerfield et al., 1984 Summerfield et al., , 1987 Carlyon, 1989; Serman et al., 2008) .
One of the possible reasons why we were able to observe "dichotic intensity enhancement" in the current experiment is that whenever a chord was presented, a burst of noise was simultaneously presented to the opposite ear. This noise attracted the spatial image of the chord toward the center of the head, a perceptual effect named "contralateral induction" by Warren and Bashford (1976) . As a result, when a precursor chord was followed by a test chord in the opposite ear, the corresponding perceived change in spatial position was smaller than it would have been in the absence of noise. That might have made the task easier. Consistent with this hypothesis, it has been reported several times in the literature that the perceptual processing of a monaural sound or sound sequence can be improved by the contralateral and simultaneous presentation of a different sound or sound sequence (see, e.g., Deutsch, 1979; Kidd et al., 2005) .
However, our experiment differed in many other ways from those in which no evidence for dichotic intensity enhancement has been found. In the studies of Viemeister (1980) and Carlyon (1989) , enhancement was assessed in a simultaneous-masking paradigm where, on each trial, listeners had to discriminate between two stimuli, a fixed masker stimulus without the target tone and a stimulus resulting from the addition of the target tone (at a variable intensity) to the masker. Even in the absence of the precursor sound producing enhancement (a replica of the masker alone), discrimination of the two stimuli was generally possible when the target tone had a relatively low intensity. The paradigms used by Serman et al. (2008) and by Summerfield and his colleagues (Summerfield and Assmann, 1989; Summerfield et al., 1984 Summerfield et al., , 1987 were more similar to the paradigm used here, but the stimuli employed by these authors were quite different from ours since they consisted of vowel-like sounds or wideband noises. It is also worth mentioning that, in all of the previous comparisons between monaural and dichotic intensity enhancement, the precursor and test sounds were always contiguous in time. In the current experiment, by contrast, these two stimuli were separated by a 600-ms silent ISI, much longer than the stimuli themselves. We will come back to this point below.
The fact that dichotic enhancement had not been observed before might suggest that the enhancement phenomena observed here are not sensory effects but purely attentional effects. The precursor sounds that we used to elicit intensity enhancement contained a single "spectral notch" and it is conceivable, in theory, that this spectral notch provided an attentional cue to the location of the target tone in the test sound. In the case of frequency enhancement, however, the precursor sounds provided no potential attentional cue: Since the frequency intervals between the chord components were random variables, the frequency of the target tone on a given trial could not be predicted from the frequency content of the precursor chord alone.
V. GENERAL DISCUSSION
Intensity enhancement is commonly believed to originate from some form of neural adaptation, which would weaken the auditory system's response to the nontarget components of the test sound and/or the "suppression" (or inhibition) of the target component(s) by the nontarget components. From this point of view, the results of experiments 1 and 2 are somewhat surprising because one would expect to observe a significant reduction of enhancement when a wideband noise burst is inserted between the precursor and test sounds. We failed to observe such a reduction. Nevertheless, this failure does not provide conclusive evidence against the idea that the main source of enhancement is adaptation. For instance, adaptation might occur in a neural site responding to pure tones resolved in the auditory periphery but insensitive to wideband noise. Such a site should be very central. Thus, it might be that at this site, monaural tones presented to the left or the right ear elicit very similar neural responses. This would account for the dichotic form of intensity enhancement that we observed in experiment 3. Overall, therefore, our findings are compatible with the idea that intensity enhancement entirely stems from adaptation, but they imply that, if this is the case, the adaptation coming into play takes place at a high level of the auditory system.
A plausible hypothesis is that intensity enhancement can be produced at several levels of the auditory system. Enhancement is, generally speaking, a release from masking, and it is now clear that there are two distinct types of masking phenomena: "energetic" masking and "informational" masking. Energetic masking primarily results from mechanical limitations in the frequency analysis performed by the cochlea, whereas informational masking takes place centrally, depends on Gestalt factors, and is more malleable (Kidd et al., 2008; Richards and Neff, 2004) . Since the spectral components of our precursor and test sounds were always sufficiently spaced in frequency to be resolved in the cochlea, the enhancement phenomena investigated in the present study may well be releases from informational masking only. We have noted above that in all of the previous comparisons between monaural and dichotic intensity enhancement, the precursor and test sounds were always contiguous in time. Because of this temporal contiguity, it is reasonable to hypothesize that the monaural intensity enhancement previously compared to its dichotic counterpart was mainly a release from energetic masking, and was thus based on a mechanism differing from the source of the enhancement investigated here. One can understand in this way the apparent discrepancy between our results and those previously reported regarding the possibility to produce dichotic intensity enhancement.
Our main goal was to determine if frequency enhancement and intensity enhancement are based on identical mechanisms. In this respect, experiment 3 suggests that the answer is negative since frequency enhancement appears to be less affected than intensity enhancement by a dichotic presentation of the precursor and test sounds. We found in fact that frequency enhancement is not weakened when the precursor and test sounds are presented to opposite ears rather than to the same ear. This was predictable under the hypothesis that frequency enhancement can be produced by means of automatic frequency-shift detectors (FSDs). There is now substantial psychophysical evidence for the existence of such detectors in the auditory system. In a study by Demany and Ramos (2005) , listeners were presented with sound sequences consisting of a random chord of resolved pure tones, followed by a single test tone. In one experimental condition, called the "present/absent" condition, the test tone was either identical to a randomly selected component of the chord or positioned halfway in (log-) frequency between two components of the chord; the task was to judge if the test tone was present in the chord or not. In a second condition, called the "up/down" condition, the test tone was positioned 1-semitone above or below a randomly selected component of the chord, and the task was to identify the direction of the corresponding frequency shift. In the present/absent condition, performance was poor, not surprisingly because the components of the chords were very difficult to hear out individually as a consequence of informational masking. Nevertheless, and paradoxically, performance was good in the up/down condition. Subjects reported that, in the latter condition, they perceived the test tone as the end point of an ascending or descending melodic "motion" whose starting point was, subjectively, the chord as a whole rather than one of its components. This was an illusion because it was mandatory, for a good performance, to relate the test tone only to the closest chord component. The fact that a frequency shift between two tones could be heard even when the first tone was not audible individually provided evidence for the existence of automatic FSDs. Subsequent studies confirmed that suggestion and specified the properties of the FSDs (Demany and Ramos, 2007; Demany et al., 2008 Demany et al., , 2009 Demany et al., , 2010 Demany et al., , 2011 Cousineau et al., 2009; Carcagno et al., 2011) . It was shown by Demany et al. (2011) that the FSDs are essentially insensitive to the presence of a wideband noise burst between two tones. Demany and Ramos (2007) and Carcagno et al. (2011) measured performance in the up/ down task using monaural chords and test tones which were presented either to the same ear or contralaterally. They found that performance was barely poorer in the latter case than in the former case (d' decreased by 8.9%, on average), and they concluded that the FSDs are essentially insensitive to ear of input.
Many studies on auditory change detection by human listeners have focused on an event-related brain potential known as the "mismatch negativity (MMN)". This brain potential is elicited by the presentation of a new sound among repetitions of the same sound. Any kind of acoustic novelty can produce an MMN (see, e.g., Schröger, 1997, and May and Tiitinen, 2010 , for reviews). Interestingly, it has been reported that the scalp topographies of the MMNs elicited by changes in frequency and by changes in intensity are not identical, suggesting that these two kinds of change are detected differently (Giard et al., 1995; Rosburg, 2003) . Moreover, it has also been reported that whereas the amplitude of the MMN elicited by a change in frequency is largely independent of whether or not the subject pays attention to the sound sequence, this is not the case for the MMN elicited by a change in intensity (Näätänen et al., 1993; Woldorff et al., 1991) . These facts might be related to what we found in experiment 3. However, in the four MMN studies that we just mentioned, the intensity changes to be detected were always decreases in intensity. We believe that such changes cannot result in an enhancement of the changed acoustic entity (although Moore, 2003, Chap. 8, p. 281 , suggests the opposite).
In an ecological perspective, one can easily see how the auditory system might take advantage of a change detection mechanism specialized in the processing of frequency changes. The auditory "objects" that must be identified in everyday life must be recognized in spite of changes in overall intensity since overall intensity varies with, e.g., the distance of the source. It is therefore useful to detect frequency changes independently of concomitant changes in intensity. This seems to be the case for the FSDs since, in the up/down task described above, performance is not poorer when the test tone following the chord is 20 dB lower than the chord components than when all tones have the same intensity Carcagno et al. (2011) . At peripheral levels of the auditory system, frequency and intensity are encoded jointly because the range of frequencies to which a given neuron responds widens as intensity increases. However, in the primary auditory cortex of marmoset monkeys, Sadagopan and Wang (2008) found that many neurons are narrowly and separably tuned to both frequency and intensity. These authors speculate that, in some hierarchically higher cortical area, there might be a neural map in which neurons respond to frequency independently of intensity. It is tempting to hypothesize that the FSDs process the outputs of such neurons. 1 The term "enhancement" has been used by Hartmann and Goupell (2006) to describe the pop-out effect obtained when a tone is pulsed on and off among other tones presented continuously. In that case, of course, transient detection may play a role in the pop-out effect. Another recent study on the audibility of pulsed tones among continuous tones has been reported by Moore et al. (2009) . 2 This was found in a separate experiment on seven subjects. In that experiment, the detection threshold of a pure tone in a burst of pink noise was measured using a two-interval, two-alternative forced-choice task. On each trial, two independent 300-ms noise bursts at 72 dB (A) were successively presented, and a pure tone was added to either the first of the second noise, at random. This tone was gated on and off together with the noise.
Its frequency varied randomly from trial to trial, between 200 and 3200 Hz. Subjects had to indicate if the tone was presented in the first or the second noise. Responses were followed by visual feedback. The "weighted up-down" adaptive procedure (Kaernbach, 1991) was used to estimate the detection threshold of the tone, defined as the tone intensity for which the probability of a correct response was 0.75. At least three threshold estimates were made for each subject. The within-subject means of the threshold estimates varied from 54.4 to 58.8 dB across subjects, and the grand mean was 56.0 dB. 3 These data were also submitted to a three-way analysis of variance, in which Subject was no longer the random factor but a fixed factor, like Ear modality and Type of change. The random factor was obtained by dividing the set of 400 trials performed by each subject in each condition into four successive subsets of 100 trials and computing a d 0 value from each of these subsets. The obtained d 0 values were always finite, except in one case (out of 96); in this exceptional case, d
0 was taken to be 3.04 following the common correction procedure for infinite d 0 values (see, e.g., Macmillan and Creelman, 1991, p. 10). The three-way analysis of variance confirmed that the interaction between Ear modality and Type of change was statistically significant [F(1, 3) ¼ 54.7, P ¼ 0.0051]. Note that the P value obtained from this analysis of variance was markedly lower than that obtained from the repeated-measures analysis of variance. By contrast, the three-way analysis of variance revealed no significant three-way interaction between Subject, Ear modality, and Type of change [F(5, 15) < 1].
